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Abstract
Experimental data consisting of the breaking load and the diameter of a single
graphite fiber was provide by Goeke and Chou at U. S. Army Materials Technology
Laboratory, MA [ 1 ]. The stress was calculated from the breaking load and the diameter.
First, a statistical test procedure was constructed for determining the distribution
function which includes how the load and the diameter, or the stress and the diameter of
aSgraphite fiber are correlated. The test 'procedures are divided into two kinds of
statistical tests: parametric and nonparametric. A parametric statistical test for each data
sets employed for the diameter, the load, and the stress to estimate marginal distribution
function. A non-parametric statistical test to estimate the independence between the
diameter and the load or the diameter and the stress was used. Tests for sample to
sample variability were also considered. It was found that the Weibull cdf is very good
for representing the statistical behavior of graphite fibers. The test of independence
revealed that most of the data sets behaved as expected; however, the data for two types
of fibers indicated that under certain conditions the fiber-to-fiber variability can lead to
unexpected results.
Finally, future work to advance this study was suggested.
I Introduction
I - I Introduction
Fiber manufacturers are improving production techniques and developing new
fibers day by day. Graphite fibers occupy a premier position among high performance
fiber structures because of their excellent physical and mechanical properties, in tension
and in compression. They are uniquely suitable for applications in many advanced fiber-
reinforced composites. For example, applications include fins and radars in aircraft, body
parts and engine parts in automobiles and space crafts [ 2 ], as shown in Fig.! to Fig. 4.
Therefore, a continuing demand to characterize the components use in composite materials
exists.
Classical methods of analysis of Solid Mechanics can not be applied to fibers,
because there is ,significant variability in the diameter and in the failure load, which is
caused by flaws in the surface and within the interior of the filaments. Also, we have to
consider other factors can cause variability, e.g., production processes, spool to spool
differences, fiber microstructure, length of filaments, etc. Again, in the problem of
modeling for composite materials, there is a need to characterize fibers accurately in order
to apply graphite fibers to high technology which needs high reliability. As the first step
of that, collection of fiber data for graph should be done. Thus, the statistical
characterization of fibers is warranted and specifically, 'eight different graphite fibers were
tested for diameter and failure load by Goeke and Chou [ 1]. Their data will be carefully
analyzed statistically in the following.
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I - II Previous Work
Since Weibull described the strength of brittle materials in 1939 [ 3 ] with the
Weibull distribution, it has been used by several scholars, such as Coleman [ 4 ], as the
distribut,ion appropriate for use with brittle fibers. Assuming a Weibull distribution,
Wagner and Phoenix [ 5 ] studied Kevlar 49 and Kevlar 29 fiber variability in the load,
the tenacity ( number of filaments / cross section ), and the linear density ( mass / unit
length). Furthermore, they considered ho~ those properties depend on gauge lengths.
Their analysis was for filaments from same spool and for those from different spools.
They also studied the difference between a sample taken from a cross section of a strand
and a sample made from along a single filament. In that study, they assumed all
individual filaments to have a uniform diameter by using the average value of the
diameters.
As conclusions of the study, significant scatter was observed in the distributions
for the linear density of the filaments from all but one spool; significant variations within
a single production lot was found; and less variability existed in the results for the
tenacity for fibers sampled from a yarn cross section than for their failure load. There
was greater variability in the failure loads of fibers sampled from a yarn across section
than for fiber segments sampled along a single filament from the same spool. They found
a non-linear relation between log strength and log gauge length for the size effect.
Finally, the variability observed in the tests was addressed.
Some of the statistical analyses from [ 5 ] will be incorporated in this work. Thus,
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the statistical behavior of graphite fibers and Kevlar fibers can be compared.
Wu and Chou [ 6 ] developed experimental techniques and conducted tests which
are the basis of the experimental effort analyzed in this study. They postulated that if a
correlation could be found in the Weibull description of the tensile properties of single
fibers, impregnated strands, and unidirectional coupons, the task of evaluating fibers could
be simplified by testing fibers rater than coupons. One would then use the established
relationship to translate the fiber properties into expected composites. A set of single
fibers, strands, and coupons were tested in their study. As a conclusion of their study,
t a consistent trend in the dispersion characteristics that included a useful tool could be
developed.
I - III Objectives and Procedure of Current Work
"I
In this study, the fiber diameter, and the breaking load are considered to be
random variables. Likewise, the breaking stress is a random variable. The analysis is
based on data from graphite fibers. The basic data consists of 8 specimens of graphite
fibers with approximately 50 samples each. The data are shown in Table 1.
Both parametric and non-parametric statistical tests were used to characterize the
variability observed in the data. The parametric statistical testing was to fit to a Weibull
distribution with two parameters ( a, ~). First, the graphical technique, based on the
Linear Regression method was used. For the samples.having a low correlation coefficient
value ( r), the parameters also were determined by the Maximum Likelihood Estimation
4
( MLE) method, which is considered to be the best method for parametric analysis of
data. One illustration of the procedure is shown by Lindgren [7]. To assess whether
or not the Weibull distribution is appropriate, the Kolmogorov Smirnov ( KS ) goodness-
of-fit test was applied. The KS test can be found in several references, e.g., [8].
Non-parametric statistical tests were conducted determine if the diameter and the
load, or the diameter and the stress are dependent. The Blum-Kiefer-Rosenblutt test (
BKR test) which is given in Holander and Wolfe [ 9 ], was used for the test of
independence.
A flow chart of statistical tests of this work is shown in Fig. 5.
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II Experimental Procedure
II - I Data Resource
The examination of the tensile strength of graphite fiber was done by Goeke and
Chou [ 1 ] at the U. S. Army Materials Technology Laboratory, Watertown,
. Massachusetts.
II - II Experimental Technique
In order to be able to measure the diameter and the tensile properties on the same
fiber, a new testing apparatus was developed for the study, the Single Fiber Graphite
Tester. This tester is similar to the one developed by Wu [ 10 ] .
The Single Fiber Graphite Tester minimizes the handling of the fibers measured
was considered. The diameter measurements and the tensile loading were done with the
fibers held in the same load frame. The fibers were mounted in frames cut from graph
paper with cellulosic glue as shown in Fig. 6a. Before measurements, the frame was
burned out and tension applied to the fiber. A gage length of about 1.75 inches was
prescribed by the equipment configuration. Fig. 6b shows the paper frame mounted in
the aluminum load frame. Fig. 6c shows the tester without the personal computer, x-y
recorder, and position recorder that are used to process the reading. Fig. 6 were taken
from the report of Goeke and Chou [ 1]. ASTMD 3379 [ 11 ] served as a guide when
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designing the equipment.
The physical principle from which the diameter measurement is derived is the
diffraction pattern from a slit. Fig. 7 is a schematic of the configuration. A helium laser
is used to create the diffraction pattern and cadmium-sulphide detector is used to measure
it. A beam 'of light split by fibers behaves in the identical manner for the mirror images
of a slit, a fiber. Thus, a fiber held vertically in the laser beam gives a horizontal
diffraction pattern where the distance" between the minima of the diffraction pattern is
proportional to the diameter of the fiber ( assuming the fiber cross section is circular ).
j
-The diffraction pattern in measured by moving the detector across it and fading
the minima. The output is a resistance-position plot. During the course of the study,
these plots were produced in varying ways. Note of these changes was expected to affect
the data but to expedite data acquisition. Because the detectors increase their resistance
for a decrease in light intensity, the minima in the diffraction pattern appear as maxima
in the resistance-position plots. Fig. 8 is a typical set of such plots. The peak positions
were determined graphically on the plots. During the study details of the experimental
configuration were changed in order to improve the character of the plots.
After the fiber diameter measurement was completed, the fiber was tensile tested
using the load cell and a constant displacement rate screw mounted in the load frame.
Failure loads were taken from the resulting load displacement curves.
Measurements of each type of fiber consisted of about 50 fibers taken from a
location in a fiber tow.
The fibers measured in this study were three fibers from Hercules, AS-4, IM-6,
7
and IM-7; ApoIlo 1M, a Courtaulds fiber; and four fibers purchased a set of tows. These
four were Microfil 40, Microfil 55, ACIF-HM and ACIF-XHT. A list of fibers and
manufacturers is shown in Table 2.
Repeated measurements were made on two fibers, AS4 and IM6, for the
purpose of exploring the reproducibility of the data and the consistency of the testing
technique. A repeated data set of AS4 was taken from the same segment as those for the
first AS 4 data set. The location of fibers used in the repeated data sets of IM6 was not
given. It is mostly assumed that those were selected in same way as those for AS4.
There was one repetition for AS4 and two for IM6. The repeated data was labeled as
AS4-2.
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III Parametric Statistical Test
III - I Graphical Estimation of Weibull cdfs ( cumulative distribution function)
Each sample in Table I was graphically fit with a two parameter Weibull cdf.
The two parameter Weibull cdf is expressed as
F(x) = = PI [X::>x] ( 3 . 1 )
where ex is a shape parameter, ~ is a scale parameter, and X is the random variable.
Figures 9 to 47 show the data for all of the diameters, loads, and stresses of each fiber
plotted on Weibull paper. Parameters determined by the linear regressions and values of
correlation coefficient are shown in Table 3. Judging from the values of correlation
coefficient, AS4, IM6, and IM7 do not seem to be able to be estimated by a Weibull cdf.
At least, the correlation coefficient should be more than 0.9 to support the assumption that
a Weibull fits the data. The correlation coefficient is not a very good test to base a
"decision. For" example, IM7 is fairly close to 0.9.
Hence, the Kolmogorov Smirnov ( KS ) goodness-of-fit test was made on the
estimated cdfs. The results are in Table 4. A 95 % confidence to accept null hypothesis
is assumed. The modified D value in the table is a critical value to judge the acceptance
of that hypothesis. The D value is shown below.
9
D + [= max1:1i:;n
1
n
( 3 . 2 )
i-I
n
( 3 . 3 )
D = max [ D+ I D- ] ( 3 . 4 )
where Yi ( i=1,2, ...,n) are data for each sample in ascending order, and n is a total
number of samples. In this case, if the computed KS value is larger number than 1.358,
the null hypothesis is rejected. The result indicates that the Weibull estimate for 1M?
can be accepted. The remaining data for AS4 and IM6 are fit to Weibull cdfs with
another parametric method as described below.
III - II Maximum Likelihood Estimation
The Maximum Likelihood Estimation ( MLE ) method [ 7 ] to fit the data of AS4
and IM6 was considered. The estimated Weibull parameters are shown in Table 5.
Here, a indicates the shape parameter when original data and repeated data were merged.
The as and ps for AS4-1 and AS4-2 or IM6-1, IM6-2, and IM6-3 are determined,
respectively. Also, ex is the estimate for the shape parameter when the original data and
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the repeated data were considered separately. The estimate for ~ is derive from &. as
shown in [ 7 ].
Again, the accuracy of MLE method should be tested with the same goodness-of-
fit test. The results of the KS test are shown in Table 6.
According to the table, we have a small modified 0 value ( smaller than 1.358
which is the critical value for 95 % confidence). Thus, the Weibull cdf can be used to
represent the data.
III - III The test for normality ( Shapilo Wilk tests )
After the graphical methods and MLE methods, all data sets except those of the
loaps for AS4 and AS4-2 were fit to Weibull cdfs. Since the Weibull cdf does not seem
to fit the data, normal cdfs were selected to represent those two data sets.
The well known normal cdf is shown below,
F(x) ( 3 . 5 )
where Il is the mean value of the data set, and cr is the standard deviation of the data set.
Little effort for fitting data to this equation are needed, because the best estimate
for those constants are the sample average and the sample variance which are given in
Table 1. However, a null hypothesis that tqe data sets can be fit to normal cdfs should
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be tested.
Shapilo Wilk tests which is given in Mason, Gunst and Hess [ 12 ], seem to be
the most appropriate approach to test the normality of the data sets. The result is shown
in Table 7. The numbers below the diameter, the load, and the stress in this table are the
probability that the .data sets are normally distributed. The cut points are the critical
values. In detail, when the probability exceeds this number, that data set may be
considered to fit to normal cdf. Three a values were assigned ( 0.1, 0.05, 0.0 I ) as the
significance of the tests. The bold numbers in the table indicate that the null hypothesis
should be rejected. The data for the load for AS4 and AS4-2 were the specific focus .
. With the significance level a=O. L the data for the breaking load of AS4 seems
to satisfy the null hypothesis, but AS4-2 does not. However, when the significance level
of test was decreased to a=O.Ol, AS4-2 also satisfies the condition.
In conclusion, data for the breaking load for AS4 and for AS4-2 can be fit with
normal cdfs.
Using standard parametric statistical tests, all data sets were fit to Weibull or
. normal cdfs. By confirmation of critical tests, 37 out of 39 the data sets for breaking
load, diameter, and failure stress were fit to Weibull cdfs, and the other two were fit with
normal cdfs.
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IV Non-Parametric Statistical Test
IV - I Dependence between the load and the diameter, and the stress and the diameter
Before discussing how to evaluate the correlation between the load and the
diameter or the stress and the diameter, it must be decided if those factors are really
statistically dependent. According to Wagner and Phoenix [ 5 ], the diameter and the
load of fibers should be dependent, on the other hand, the stress and the diameter should
be independent, at least as indicated by experiments with Kevlar 49 and Kevlar 29. In
order to evaluate the dependence, the Blum, Kiefer, Rosenblutt (BKR) test was done
[ 9 ].
In Table 8, V ( y) is the probability that two sets of data are dependent. In
other words, the large V ( Y ) shows the high possibility that the null hypothesis is
acceptable. The method of estimation for V ( Y ) is given below.
let
Nl ( i ) =a number of samples lying in the region Rl ( i ),
N2 ( i ) =a number of samples lying in the region R2 ( i ),
N3 ( i ) =a number of samples lying in the region R3 ( i.),
and N4 ( i ) =a number of samples lying in the region R4 ( i ),
where
Rl ( i = (a,b) : a~Ai , b~Bi ] ,
13
R2 (i = [ (a, b)
R3 (~ = [ (a, b)
and
R4 (i = [ (a, b)
respectively.
Using these four numbers define
arAi , b:iBi ] ,
a:iAi , brBi ] ,
arAi , brBi ]
and
n
B = n- 5 * L [Nl (i) *N4 (i) -N2 (i) *N3 (i)] 2
i=l
( 4 . 1 )
y = ( 4 . 2 )
where a and b are data to be correlated. For example, Ai is the ordered data of the
diameter and Bi is the ordered data of the stress, The sample size is n.
Then V ( y ) is given in Table 8 with a value of y in equation ( 4 . 2). If a
specimen has a big value of V ( y), it indicates that those factors such as the diameter
and the load are independent. The critical values of BKR tests are determined case by
c~se. In this study, three options ( V ( Y) =0.1, 0.05, 0.01 ) were considered. In Table
14
8, 0 indicates independent, and X indicates dependent.
On viewing all of the results, notice that there are exceptions in Table 8. One
IS Apollo-1M which does not show dependence between the load and the diameter or the
stress and the diameter. The other is ACIF-XHT or IM6 which shows dependence
between the stress and the diameter but does not indicate dependence between the load
and the diameter. This is totally against what is physically expected as in Wagner and
Phoenix [ 5 ].
First, in contrast to 1M 6, the individual data sets, IM6-l, IM6-2, IM6-3, have the
results which are expected. However, once those sets were merged to IM6, the results
become unexpected. It is hard to justify this behavior, but one reason to be considered
is that it may be caused by the procedure of sampling. Specifically, each fiber was
taken from different spool. Thus, there were 148 samples from different spools. From
Wagner and Phoenix [ 5 ], they also observed a significant difference in the statistical
behavior from spool to spool. In addition, according to the result of the tests on sample-
to-sample variability ( chapter IV ) for IM6-1, IM6-2 and IM6-3 was somewhat
problematic. This result supports the reason mentioned above.
For ACIF-XHT, both the relationship between the diameter and the load and the
relationship between the diameter and the stress were not as expected. There is not be
perfect explanation, however, the same reason as that for IM6 may be reasonable for a
partial explanation.
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IV - II Test for sample-to-sample variability
Another objective of this research is to investigate if SO samples are adequate to
represent the statistical character of the data. An analysis of variance ( ANOVA ) test
which is explained in Freund and Wilson [ 13 ], and a Likelihood-ratio-test
which is given in Lawless [ 14] were used to determine if the data sets of AS4-1 and
AS4-2, and the sets IM6-1, IM6-2, and IM6-3 could be merged.
The results of the ANOVA test, which considers the hypothesis of a common
variance, and the Likelihood-ratio-test, which focus on the hypothesis of common
Weibull parameters as determined by MLE, are shown in Table 9. In the ANOVA test,
p indicates the probability that the null hypothesis, of the data variances being identical
is true. Therefore, if p is large, the null hypothesis can be accepted. In the Likelihood
ratio test, the probability of this table has the same meaning for the p value as with the
ANOVA test. In both of those tests, 0.1 for p will be chosen as a critical value.
AS4 seems to satisfy the null hypothesis for both of those test results, but IM6-'1,
IM6-2, and IM6-3 are more problematic. The ANOVA test shows a significant difference
among them. However, the Likelihood-ratio-test shows reasonable similarity for the
diameter and the stress.
According to the results in the previous section of this paper ( IV - I ), a
correlation of the stress and the diameter will be concentrated, instead of the correlation
between the load and the diameter. Hence, this study advances to the next step to
consider the similarity of the load of the data sets of IM6-1, IM6-2 and IM6-3.
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V The theory to correlate the diameter and the load or the diameter and the stress
From the results of chapter IV, the stress and the diameter are correlated. The
method which Moeschberger [ 15 ] suggested for life tests under dependent competing
causes of failure will be modified for this application. The following is the basic aspects
of that method.
The Bivariate Weibull equation for the diameter and the stress becomes
, cd I cs A (Cd cs )
= e -fl d*Yd - fI s*Ys - dls*max Yd 'Ys ( 5 . 1 )
where yd and ys are experimental data for the diameter and the stress each, and Ad, AS,
Ad/s, cd and cs constants.
Each marginal distribution of ( 5 . 1 ) for the diameter and the stress, respectively, is
( 5 . 2 )
( 5 . 3 )
Comparing ( 3 . 1 ) with ( 5 . 2 ) and ( 5 . 3 ) gives
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cd = ad. cs=as ( 5 . -4 )
where as and ad are the shape parameters of Weibull cdI' for the stress and the diameter
in equation ( 3 . 1 ) and
Ad + AS = ~d, As + Adls = ~s ( 5 . 5 )
where ~s and ~d are the scale parameters of Weibull cdf for the stress and the diameter
in equation ( 3 . 1 ).
Thus ( 5 . 5) leads to
Ad - AS = ~d - ~s = <>
Hence,
AS=Ad-<>
Adls = ~d - Ad
Substituting ( 5 . 7 ), ( 5 . 8 ) into ( 5 . 1 ) gives
( 5 .6)
( 5 . 7 )
( 5 . 8 )
( 5 .9)
Since ad, as, ~d and ~s will be determined by a parametric method for a Weibull cdf,
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only Ad remains to be determined.
Thus, the procedure for the correlation has ~een developed, however,
Moeschberger applied the method to life testing, in other words, he wanted to correlate
the theoretical lifetime of an individual failing from one cause with the theoretical lifetime
of the same individual failing from a different cause. Since the stress and the diameter
are being correlated, the same physical meaning that Moeschberger used is not
appropriate. In other words, this is just a statistical method for fitting two correlated
variables each of which have Weibull marginal cdfs. Hence, no calculations with this
method were included in this study.
As a conclusion to this chapter, it is suggested that more profound arguments on
this matter are needed. The problem with the method of Moeshberger is that there is no
way to evaluate the accuracy of the method. Hence, a technique to estimate the joint cdf
when the marginal cdfs are Weibull cdfs estimated from data which are not different
failure conditions is also required as a future work.
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VI Discussion
Again, the importance of statistical fiber tests is emphasized to characterize fiber
precisely for improvements and creation of composite materials to satisfy more advanced
demand. Discussion on each statistical test to analyze graphite fibers are addressed
below.
VI - I Discussion on Parametric Statistical Test
In chapter III, Parametric Statistical Tests, the fact that the diameter, the load and
the stress of graphite fibers can be fit with a Weibull distribution was almost confirmed. /
As mentioned in Chapter III - III, all but two of the data sets were fit with Weibull cdfs.
Thfs result follows the theory of Coleman[ 4 ]. The graphical method seems to be
adequate in most cases, however, the MLE method is better.
The results were evaluated by the correlation coefficient and KS goodness-of-fit test.
The results show that Apollo and Micro 55 fit to the Weibull cdf very well. It means
that they are relatively easy to analyze precisely. By the result of Shapiro Wilk test,
Micro 55 fit to the normal cdf best. The Weibull parameter estimation through all these
methods was confirmed as a highly reliable procedure.
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VI - II Discussion on Non-Parametric Statistical Tests
As for the BKR test which was used for determining the dependence between the
load and the diameter, or the stress and the diameter of a single filament, the result was
not clear. A tendency of independence between the stress and the diameter and
dependence between the load and the diameter was observed. It is easier to treat the
stress and the diameter of a single carbon fiber filament than the load and the diameter.
However, as mentioned above, it is just a tendency, and there were some specimens
which were to the contrary. When the results of each specimens were compared, Micro
40 and Micro 55 had the closest results to what were expected. Judging from this
observation, some guidelines which supply some clues when such observations were made
will be required.
In the tests On sample-to-sample variability, the stress and the diameter did not
indicate any difference in the Likelihood ratio test. AS4 will be concluded that there are
no significant variability between two samples. Since those two properties were decided
t6 be the focus in this study, 50 samples may be enough to analyze data through this
study. However, the load of 1M 6 shows a significant difference among the IM6-1, the
IM6-2, and IM6-3 data sets. Separately the data sets, IM6-1, IM6-2, and IM6-3 gave the
results which were expected; however, once those three were lumped together to form
IM6, it did not continue the pattern.
In summary, Micro 55 may be the easiest specimen among all specimens in this
study to represent statistical behavior precisely. 50 samples do not seem large enough
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to analyze the data set of the load for IM6. The method of sampling may need to be
changed since all sample were taken from different spools, the variability may be
reasonable, especially to model manufacturing scatter.
VI - III Discussion on the method of correlation between stress and diameter
To correlate the stress and the diameter of a single gnfphite fiber filament, the
method proposed by Moeshberger 15 seems to be applicable after
nondemensionalizing the data with the Weibull scale parameters for the marginal cdfs.
At least, the problem of the difference in physical units can be solved. In detail, the
stress has units of Mpa and the diameter has units of /lm. However, stress is force per·
unit area in a physical sense, while the diameter is just a physical property of an object.
This fact may be an obstacle when they are treated as same kinds of factors .., Another
problem is that when the stress is calculated the diameter is used. Finally, the procedure
showed in chapter V was made by simply assuming non-dimensional quantities.
In summary, statistical tests play a significant role in expressing the mechanical
behavior of brittle fibers, e.g., graphite fibers. The statistical test procedure made in this
study ( Fig. 5 ) can serve as a guideline to analyze brittle fibers.
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VII Future Work
In the parametric statistical tests, the Weibull distribution was used as the primary
cdf to fit the data, however, other kinds of distribution such as lognormal distribution may
also be considered. It is possible that the results may differ slightly from the results of
this study. In BKR test, several attempts were made in order to explain why there are
few data sets which do not conform as expected. However, a good explanation was not
found. Hence, another approach to explain it is necessary.
In the test on sample-to-sample variability, or the tests to determine if data sets
in AS4 and IM6 can be merged, a sample size of about 50, as decided by examiners is
reasonable in most cases. Guidelines for experimental accuracy in the estimation of the
statistical properties of brittle fibers in terms of how many samples are needed should
be constructed.
. Finally, as for correlating the stress and the diameter of graphite fiber single
filaments, the Bivariate Weibull distribution from the method of Moeschberger can be
one approach ( Chapter V and VI). Since it does not seem to be quite right from a
physical point of view, another way to correlate them is needed.
23 .
Table 1 Single Fiber Test Results
Specimen Diameter Failure Load Failure Strength number
(microns) (grams) (GPa) of samples
AS4-1 50
Mean 790 1420 280
Sid Dey 036 311 0.59
Cot VaL 005 022 0.21
AS4-2 50
Mean 7.80 1360 2.90
Std. Dey. 0.44 333 1.13
Cot. VaL 006 0.24 0.39
Apollo 1M 50
Mean 550 7.10 300
Std. Dey. 0.23 1.46 0.63
Cof. VaL 0.04 0.20 0.21
ACIF-XHT 50
Mean 7.40 10.80 2.40
Std. Dey. 0.32 1.92 0.45
Cot. VaL 0.04 0.18 0.19
ACIF-HM 50
Mean 7.40 9.20 2.10
Std. Dey. 0.31 2.65 0.58
. Cot. VaL 0.04 0.29 0.28
M40 47
Mean 4.80 5.60 3.00
Std. Dey. 0.25 1.14 0.59
Cot. Var. 0.05 0.20 0.20
M55 50
Mean 4.70 5.00 2.80
Std. Dey. 0.20 0.81 039
Cot. Var. 0.05 0.16 0.14
IM6-1 49
Mean 5.80 6.60 2.50
Std. Dey. 0.19 1.82
"
0.68
Cot. Var. 0.03 0.28 0.28
IM6-2 49
Mean 5.90 7.60 2.80
Sid. Dey. 0.30 1.90 0.72
Cot. VaL 0.05 0.25 0.26
IM6-3 50
Mean 5.70 8.50 3.20
Std. Dey. 0.21 1.81 0.72
Cot. Var. 0.04 0.21 0.21
IM7 51
Mean 5.50 8.30 3.40
Std. Dey. 0.20 1.62 0.61
Cot. Var. 0.04 0.20 0.20
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Table 2 List of Fiber Manufacturers
Fiber Manufacturer
AS-4 Hercules
Microfil40 FMI
Microfil55 FMI
ACIF-HM Israeli
ACIF-XHT Israeli
Apollo 1M Courtaulds
IM-6 Hercules
IM-7 Hercu!es
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Table 3 Weibull parameters determined by graphical methods
Diameter
alpha beta carr. caeff.
AS4 21.39 8.06 0.9397
AS4-1 25.21 8.09 0.9728
AS4-2 19.51 8.02 0.8773
APOLLO-1M 26.25 5.62 0.9529
MICRO 40 21.05 4.94 0.9234
MICRO 55 26.69 4.83 0.9611
AC-HM 26.21 7.54 0.9365
AC-XHT 26.58 7.60 0.9636
IM7 30.69 5.59 0.9515
IM6 28.23 5.90 0.9632
IM6-1 33.54 5.90 0.9572
IM6-2 22.32 5.99 0.9779
IM6-3 30.53 5.81 0.9391
LOAD
alpha beta carr. caeff.
AS4 4.32 15.33 0.9513
AS4-1 4.94 15.49 0.9541
AS4-2 3.63 15.21 0.9187
APOLLO-1M 5.30 7.74 0.9740
MICRO 40 5.71 6.01 0.9408
MICRO 55 6.67 5.32 0.9848
AC-HM 3.55 10.26 0.9925
AC-XHT 6.37 11.57 0.9288
IM7 5.92 8.95 0.8947
IM6 3.81 8.44 0.9389
IM6-1 2.57 13.55 0.9366
IM6-2 2.96 14.23 0.8549
IM6-3 5.24 9.14 0.9781
STRESS
alpha beta carr. caeff.
AS4 3.77 3.30 0.8695
AS4-1 5.12 3.07 0.9749
AS4-2 2.72 3.27 0.8865
APOLLO-1M 5.37 3.18 0.9762
MICRO 40 6.04 3.22 0.9292
MICRO 55 7.88 2.93 0.9846
AC-HM 3.71 2.33 0.9880
AC-XHT 6.02 2.62 0.9577
IM7 6.48 3.68 0.9205
IM6 3.71 3.16 0.9416
IM6-1 2.75 3.99 0.8809
IM6-2 2.81 5.38 0.8688
IM6-3 5.50 3.51 0.9713
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Table 4 Kolmogorov Smirnov test
D-Value
n Diameter Load Stress
AS4 100 0.320 0.081 o185
AS4-1 50 0.268 0.110 0.081
AS4-2 50 0.300 0.130 0.232
APOLLO 50 0.052 0.096 0.077
MIC40 47 0.110 0.094 0.139
MIC 55 50 0.049 0.066 0.069
AC-HM 50 0.095 0.061 0.074
AC-XHT 50 0.079 0.145 0.098
IM7 51 0.061 0.180 0.084
IM6 148 0.075 0.071 0.080
IM6-1 49 0.041 0.643 0.491
IM6-2 49 0.048 0.635 0.625
IM6-3 50 0.101 0.058 0.105
Modified D-Value
l Diameter Load Stress
AS4 3.245 0.820 1.873
AS4-1 1.934 0.792 0.587
AS4-2 2.162 0.936 1.673
APOLLO 0.372 0.690 0.553
MIC40 0.768 0.657 0.973
MIC 55 0.352 0.473 0.494
AC-HM 0.682 0.442 0.537
AC-XHT 0.566 1.045 0.704
IM7 0.447 1.310 0.608
IM6 0.918 0.871 0.984
IM6-1 0.295 4.585 3.504
IM6-2 0.341 4.530 4.459
IM6-3 0.728 0.417 0.755
cut point 1.358
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Table 5 Weibull parameters determined by MLE for AS4 and IMG
AS4
"
a a p p
diameter AS4-1 5.94 25 7.960 8.086
AS4-2 5.94 5.08 8.596 8.394
load AS4-1 6.71 7.63 15.909 16.135
AS4-2 6.71 5.06 15.153 14.826
stress AS4-1 3.08 7.13 2.944 3.131
AS4-2 3.08 5.47 3.379 4.367
IM6
" p ,...a a p
diameter IM6-1 26.8 37.8 5.878 5.902
IM6-2 26.8 24.3 6.000 5.990
IM6-3 26.8 27.8 5.806 5.810
load IM6-1 3.39 4.16 7.160 7.294
IM6-2 3.39 4.17 8.159 8.334
IM6-3 3.39 3.03 10.374 8.824
stress IM6-1 3.62 4.06 2.676 2.706
IM6-2 3.62 3.3 3.005 2.980
IM6-3 3.62 4.7 3.399 3.470
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Table 6 Kolmogorov Smimov test on Weibull parameters detennined by MLE method
0 modified 0
AS4 diameter AS4-1 0.06197 0.446594
AS4-2 0.30790 0.67179
load AS4-1 0.25610 1.845616
AS4-2 0.08679 0.625463
stress AS4-1 0.16782 1.209416
AS4-2 0.66690 0.64043
IM6 diameter IM6-1 0.06547 0.467175
IM6-2 0.06788 0.484372
IM6-3 0.09549 0.688161
load IM6-1 0.09398 0.670614
IM6-2 0.09823 0.700941
IM6-3 0.18710 1.348359
stress IM6-1 0.07498 0.535036
IM6-2 0.13900 0.991864
IM6-3 0.09600 0.691836
cut point 1.358
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Table 7 Shapilo Wilk ( Normality) test
Diameter Load Stress Number cut point
of sample 0.1
AS4 0.901 0.989 0.886 100 0.9883
AS4-1 0.991 0.987 0.993 50 0.9807
AS4-2 0.875 0.974 0.860 50 0.9807
APOLLO 0.975 0.986 0.993 50 0.9807
MIC40 0.993 0.985 0.974 47 0.9795
MIC 55 0.999 0.992 0.997 50 0.9807
AC-HM 0.948 0.996 0.992 50 0.9807
AC-XHT 0.996 0.976 0.989 50 0.9807
IM7 0.981 0.962 0.974 51 0.9810
IM6 0.997 0.991 0.994 148 0.9920
IM6-1 0.983 0.980 0.985 49 0.9803
IM6-2 0.986 0.977 0.985 49 0.9803
IM6-3 0.997 0.993 0.993 50 0.9807
Diameter Load Stress Number cut point
of sample 0.05
AS4 0.901 0.989 0.886 100 0.9859
AS4-1 0.991 0.987 0.993 50 0.9764
AS4-2 0.875 0.974 0.86 50 0.9764 . /
APOLLO 0.975 0.986 0.993 50 0.9764
MIC40 0.993 0.985 0.974 47 0.9749
MIC 55 0.999 0.992 0.997 50 0.9764
AC-HM 0.948 0.996 0.992 50 0.9764
AC-XHT 0.996 0.976 0.989 50 0.9764
IM7 0.981 0.962 0.974 51 0.9766
IM6 0.997 0.991 0.994 148 0.9904
IM6-1 0.983 0.98 0.985 49 0.976
IM6-2 0.986 0.977 0.985 49 '12976
IM6-3 0.997 0.993 0.993 50 0.9764
Diameter Load Stress Number cut point
of sample 0.01
AS4 0.901 0.989 0.886 100 0.9803
AS4-1 0.991 0.987 0.993 50 0.9664
AS4-2 0.875 0.974 0.86 50 0.9664
APOLLO 0.975 0.986 0.993 50 0.9664
MIC40 0.993 0.985 0.974 47 0.9644
MIC 55 0.999 0.992 0.997 50 0.9664
AC-HM 0.948 0.996 0.992 50 0.9664
AC-XHT 0.996 0.976 0.989 50 0.9664 ;'~
IM7 0.981 0.962 0.974 51 0.9669
IM6 0.997 {}.991 0.994 148 0.9861
IM6-1 0.9.83 0.98 0.985 49 0.9655
IM6-2 0.986 0.977 0.985 49 0.9655
IM6-3 0.997 0.993 0.993 50 0.9664
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Table 8 Blum Kiefer Rosenblutt test
Between diameter and load
specimen y V(y) V(y»O.1 V(y»0.05 V(y»O.01
AS4 4.053 0.012 X X 0
AS4-1 2.239 0.112 0 0 0
AS4-2 1.650 0.236 0 0 0
APOLLO 1.779 0.197 0 0 0
MIC40 3.868 0.015 X X 0
MIC 55 5.385 0.003 X X X
AC-HM 2.589 0.068 X 0 0
AC-XHT 0.940 0.667 0 0 0
IM7 5.789 0.002 X X X
11\16 0.716 0.518 0 0 0
IM6-1 0.716 0.871 0 0 0
IM6-2 1.292 0.398 0 0 O'
IM6-3 3.354 0.272 0 0 0
Between diameter and stress
specimen y V (y ) V(y»O.1 V(y»0.05 V(y»O.01
AS4 1.456 0.312 0 0 0
AS4-1 0.988 0.625 0 0 0
AS4-2 1.763 0.201 0 0 0
APOLLO 1.760 0.202 0 0 0
MIC40 1.040 0.579 0 0 0
MIC 55 1.133 0.505 0 0 0
AC-HM 1.135 0.503 O. 0 0
AC-XHT 4.533 0.007 X X X
IM7 0.920 0.685 0 0 0
IM6 5.021 0.001 X X X
IM6-1 2.057 0.135 0 0 0
IM6-2 2.643 0.064 X 0 0
IM6-3 0.462 0.995 0 0 0
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T~ble 9 S~mp~ample v~riablity tetls for AS4 and IM6
aJ Analyoi:> at vnriance loo:!
AS4 dia~ter
OF SS MS F P
:>ampl. 1 0.283 0.283 1.74 0.19
<><Tor 96 15.546 0.162
lolal 97 15.828
leV<>! N menn stdov.
1 50 7.9220 0.3599
2 48 7.8148 0.4424
AS4 ~
OF SS MS F p
$Dmple 1 92 92 0.88 0.349
error 98 1018.0 lOA
1oIa1 99 1027.2
loveI N mean sl.dov.
1 50 14210 3.115
2 50 13.604 3.327
AS4 stress
OF SS MS F p
sample 1 0.402 0.402 0.97 0.326
error 96 39.644 00413
lolal 97 40.065
level N mean stdev.
1 50 2.8263 0.5874
2 48 2.6982 0.6959
lIdS diameter
OF SS MS F P
sample 2 0.5278 02639 4.58 0.012
error 145 8.3508 0.0576
tolal 147 8.8788
level N mean sl.dev.
1 49 5.8082 0.1956
2 49 5.8551 02993
3 50 5.712 02125
IM6 I~d
OF 55 M5 F P
sample 2 85.04 42.52 12.17 0.000
error 145 506.55 3.49
total 147 591.58
level N mean sldev.
1 49 6.641 1.842
2 49 7.614 1.923
3 50 8.494 1.842
IM6 ~tre.~
OF 5S MS F P
33mpl. 2 15.393 7.697 16.08 0.000
error 145 69.418 0.479
tolal 147 84.811
!eYe! N meon stdov.
1 49 2.4604 0.6909
2 49 2.7882 0.7157
3 50 32451 0.6888
bJ Uk&lihood ratio lest
A value probability
diametllr load ~ diamolor load stTes.
AS4 0.591 1.80 0.933 0.4420 0.1797 0.1644
1M6 1.90 20.50 3.60 O.38n 0 0.1653
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Equipement Stowwage Boxws & CompaJ1ments
Fiberglass Sandwich Face Sheet. Nomex Core
High Structural EfIiciency. Non-flammable
(Save 350 kg over Aluminum)
Pressure Vessels_Oxygen Nitrogen. Helium
Fiberglass Overwrapping
II igh Structural Efficiency increased Safety
(Save 1100 kg over all Metal Designs)
Graphite!Epoxy Payload
Bay Doors. Mix of Fabric & Tape
Materials. High Strengh to
Weigh Ratio
Boron!Aluminum
Mid-Fuselage Truss
Members. High Specific
Strength & Stiffness
Sleeves_Cry ogenic Lines
Circular Knit Fiberglass/Polyurethane Resin
Prevenls Cryopumping & Moisture Pickup
Lightweight. Flexihle. Non-flammahle
Purge & Vent Lines_I- to I I- inch Diameters
Fiberglass Cloth_Epoxy Resign
High Structural EfIiciellcy
Damage Resistant. Noise Dampening
( Save 300 kg over Aluminum Sheet)
Flexible Reusable Surface Insulation (FRSI)
Nomex Needled Felt - 0.4 inch thichk
Protection to 7501'. High Thennal EfIiciency
( Save 770 kg over Silica Insulation)
Teflon Coalings_Various Locations
hipper Doors. Landing Gear Elevons
good Lubricity Non-Flammahle
Coating f<1f Second Surface Mirrors
high Emmisivily Non-flammable
BoronlEpoxy Reinforced~
Titanium Truss Members.
Aft Thrust Structure
(ir<lphite!cpoxy OMS Poos
Mixture "frahric & Tape
~1<Itnlals. Iligh Streogth-
{<'-Weight Rati"
VJ
VJ
../
Fig. 1 Schematic illustration of advanced composites on the space shuttle.
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Fig.2 VF -17 Advanced composite components.
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Fig.4 Major "graphite Body-in-White" components. (Reprinted with Permission Soc. of
Automotive Engineers)
I <D Plot in Weibull Paper
@ Detenrune parameters by a graphical method
@ Do the r square test and the KS goodness-of-fit test
CV AS4 and IM6 were excluded by tests in ®
® Detenrune parameters for AS4 and ® Check if AS4-1 -2 or IM6-1 -2 -3
, , .'
IM6 by MLE method are identical with
>
T a) Analysis of variance test
@ KS test on the results of ® b) Likelihood-ratio-test
CD The loads of AS4, AS4-2 were
Excluded by tests in @
® Do the Shapiro Wilk test on the load
of AS4 and AS4-2
Fig. 5 Flow charts of statistical tests procedure
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(a) Mounting Frame
Bum
Out -I---+-....
(b) Aluminum Load Frame
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Screw
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Mounting
Frame
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Load Frarr:e Laser
Optical Bench
(e) Single Fiber Graphite T6~tAr
Fig. 6 (taken from the report of Goeke and Chou [ 1 1)
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Fig. 8 Example of diameter measuring
( taken from the report of Goeke and Chou [ 1] )
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Fig. 9 Weibull Paper (AS-4/diameter)
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Fig. 10 Weibull paper (AS4-1/diameter)
40
32
'il O·.,...
C 1. 5,
-1.,...
l:
-2
-3
•
-4
In(diameter)
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2.-------------------------------,
1 -
o-I--------r---r---------~...,.--:::.-,--------_j
q:- 16
~ -1
-f
:g -2
-3
-4 .1.- ----1
In(diameter)
Fig. 12 Weibull Paper(Apollo-IM/diameter)
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Fig. 13 Weibull Paper (Microfil40/diameter)
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Fig. 14 Weibull Paper (Microfil55/diameter)
o -/----------,---,------,------,--•..",..T-----,.-----l
t?: 1. 4
~ -1·
,
C
21
0
~ 1. 8
,....
-1c:
,
C
-2
-3
-4
In(diameter)
Fig. 15 Weibull Paper (ACIF-HM/diameter)
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Fig. 16 Weibull Paper (ACIF-XHT/diameter)
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Fig. 18 Weibull Paper (IM-6/diameter)
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Fig. 19 Weibull Paper(IM6-1/diameter)
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Fig. 20 Weibull Paper (IM6-2/diameter)
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Fig. 21 Weibull Paper (IM6-3/diameter)
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Fig. 22 Weibull paper(AS-4/load)
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Fig. 23 Weibull Paper (AS4-1/1oad)
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Fig. 24 Weibull Paper (AS4-2/1oad)
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Fig. 26 Weibull paper(Microfil 40lload)
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Fig. 27 Weibull paper(Microfil 55/1oad)
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Fig. 28 Weibull paper(ACIF-HM/load)
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Fig. 29 Weibufl paper (ACIF-XHTI/oad)
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Fig. 31 Weibull paper (IM-6/1oad)
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Fig. 32 Weibull paper (IM6-lIload)
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Fig. 33 Weibull paper (IM6-lIlload)
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Fig. 35 Weibull paper (AS-4/stress)
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Fig. 36 Weibull Paper (AS4-1/stress)
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Fig. 38 Weibull paper (Apollo 1M/stress)
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Fig. 40 Weibull paper (Microfil 55/stress)
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Fig. 41 Weibull paper (ACIF-HM/stress)
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Fig. 42 Weibull paper (ACIF-XHT/stress)
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Fig. 44 Weibull paper (IM-6/stress)
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Fig. 46 Weibull paper (IM6-lI/stress)
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